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. PRINCIPAL METHODS AND APPARATUS FOR INVESTIGATING OXIDATION
® PROCES3ES IN METAL AND ALLOYS
. , USSR

[Following is a translation of the article “Osnovnyye
metody 1 apparatura dlya issledovaniya proteessov okis-
leniya metallov i splavov! (English version above) by
D, V. Ignatov in Doklady Instituta Metallurgii imeni
A, A, Baykov (Works of the Institute of Metallurgy imeni
A. A. Baykov), No 5, Production Metallurgy, Physical
Metallurgy and Physicochemical Methods of Research,
Moscow, 1960, pages 202-237.]

As 1s known, the oxidation of metals and alleys is a cone
prlex crystallochemical and kinetic process embodying a number of
other elementary processes. Its first stage is characterized by
direct interzction of the metal with the oxidizing reagent and
actually represents chemical adsorbtion (or, more exactly, physical
adsorbtion, changing rapidly to chemical adsorbtion). For almost
all metals and alloys this stage proceeds very rapidly even at room
temperature and is completed in a few ywinutes. Depending on the

3 nature of the metal, oxide films of a thickness equal to the size

j of one or two elementary cells of the lattice of the oxide corres-
ponding to the given metal are formed on the surface (1), 3ince
the metal-oxygen system is thermodynamically unstable (with the
exception of gold) in a rather wide range of temperatures, includ-

. ing rocm temperature, the energy of activation of the oxidation

. process in this stage has little significance (by comparison with
the heat of formation of the oxide). An indirect confirmation of

. tris contention is the well known fact of the spontaneous combustion, ~Of \
: uron rapid contact with oxygen, of the thin films of many metals ‘&, kﬁ
obtained by the method of evaporaticn and condensation in a vacuum
on non-heat-conducting supports. This phenomenon is also character- 5d Eg

istic of freshly reduced powders. According to the available data,

an activation energy of 9 kecal/mol 15 required to oxidize beryllium e

at room temmerature (2), and 8.7 keal/mol for molybdenum (3).
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Depending on the time, this stage is expressed quantitatively by the
exponential law of oxidation (with exception of such metals as sodium
and ezlcium, for which the linear law is observed already at room
tamosraiuret, With the forsation on the surface of the metal of an
ovide Tilm 10-15 X *rick, the oxidatior srocer. srccands vewy lowe
ly and nractienlly stouo,
of this thicknecs is formed after a few minutes at room tem-elatiure,
whereas itz further srowth to a thickness of 40-05 §  tales 40-7C
davs (1), The sharp dirinution of the rate of the oxidation pro-
cess in this stage iz to be exclained by the fact thot the oxysen ‘
dees not interact with the metal dirsetly, since the reacting elerma
arts -= matal and cxygen -- are separated Ty the oride £ilm, The
metal and oxyzen ~tems {or ions) have to pass thrcugr the oxide ‘
film Lo et into contzct and react with one aZnother. Tor thin, they
tave te possecs such 2 zupply of kinetic energy a3 will permiit them
tc overcorme the binding forces between lhe retal and oxyvpen lon: of
the lettice of *he oxide formed by the conversion of the free energy
cf the metal-oxygen system in the first stage, This enerry suocly
at rcom tempzrature is posgessed by only 2 very small part of the
stoms of the system, in accordance with Boltzmann's well-known law
of distribution., Hence, the oxidation process in this stage, called
the secondary, procesdes very slowly and vracticzlly cesces uoen for-
mation of an coxide film of a certain wmaxirum thisk . on the surface
-, 1
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of the retal, For most metals, such films have z thickness of ~ 50
for room temuerature and are a protection zgairit oxidation u» to
200-400°,  Thuz, the oxidation process in the secondary stage doec
not occur without additional energy (activation eunergy).

The oxidation process i3 activated with cemrarative ezte oy
heatiry the wshole system or by activating its caseous component, for
erxample orygen., In the first case, erincically the metzl and the
oxide vhase are activeted, since the binding forces between th=z atoms
or ient in the lattices of the s50lid phases weolen with the zrowth
of tzmserature and the coefficlients of diffuszion of onygen az wall
tiurcough the oxide film Increaze, In the second eaze, priacip
zoreons cornotent is activuted by an electric discharze or ih
diation of the <& by a stream of elzctrons, oroicns, ete. Th

: ions 07, 05, 0%, 075 ate
« In the activated oxygen, with thz 2id o
isenzrgs (8-9) cone metals {ecnecially the pre )
very inteonnively 2t 40-100° on the anode of t
0-1) mimites. ‘Hith a current density of 1-2 me
o
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S0C0~40C X think oxidize completely, and silver 2ilrwz of the zame ’
thizineor oxidizae -~omrlistely in a few seconds,

The rate of oxidation of a metal unon heatin
b7 the follewing basic factors:
1) The eryvstallochemical corresoondence betwesn the latillces

.

is determined
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.of the metal and the oxide;

' 2) The parameters of diffusion of the ions of the metal or.
oxygen throveh the oxide £ilm (derending on the type of semi-conduc-
tor to waich the oxids of tha ziven metal belongs);

?) The phase and chemical conversicn in the gkin (espeeially
in the case of many-layered oxide films); and
4) The phase and cther conversions in tne metal itself,

The rate of oxidation is also affected by such factors as
tensions arising in the dross owing to the different volume:s of the
metal and thn corre~“0ﬂ61nr axide; the recrystallization processes in
the dros3s; the rise of textures; the physicochemical properties of
the cxides (stability, volatility, melting point, expansion coefficients);
porosity, rlasticity and cohesion of the dross with the metal,

Tn the case of alloys (especially those with many components)
the follow1ng are to be added to these oxidation factors: the thermal

activity of the alloy components, which determines the ion concen-
tration in the several alloy components at the z2lloy-dross boundry;
_the diffusicn paramsters of these components through the dross; the
secondary osxidation and reduction reactions in the dross at the alloy-
dross boundry; the reactions between the oxides of the several con-
ponents of the dross type -~ NiC + TiCp = NiTiC3, Wi0p + A1-03 =
N1A1~0y 5 the decomposition of oxide compounds 2t high temperatures and
the evaporability of some of thenm.

As may be zeen, the oxidation process is governed by many
factor: even in those cases where the metal is not under conditions
of simple [single?] or cyclic stress and is likewise not subjected
to the action of heating with different frequencies of heat exchange
and in various corrosive gaseous media. Hence, in order to exasmine
the cxidation precess more broadly and deeply, and in general to study
the mechanism of the interaction of metals with gasés, it is necessary
to employ a nurber of mathods of physicochemical analysis.,

The oxidation preocess of metals at the temperature interval
from 20° to the temmerature closs to the melting voint proceeds accord-
ing to the following time laws (oi the dependence of the growth in
Weightbp upon the time t:

1) The exponential or loecarithmic law: Ap = Kin (at +1), at
tempqrature, from 20 to 200-4009;

2) The cubic law: (Ap)3 = Kt + ¢, at 400-500°;

3) ‘The paravolic laew: (4p)? = Xt + ¢, for temperatures
above 5009; and

4) The linear law Ap = Kt + ¢, at high temperatures. These
intervals of temperaturs are conditional, since they are different
for each metal.

The constant ¢ in the last three equations determines only
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numerically equal to the ratio of the tme surface to the geometric
surface area of the sample.
The true surface area is determined from special experiments
with the adsorbtion of argon (or other inert zas) at the temperature
of liquid notrozen (10). For a polished surface, this coefficient
is 2, but for thin films of metals obtained by the method of evap-
oration and condensation in a vacuum, it may vary from 2-20 or more,
depending on the relting peint of the metal and the rate of evapora-
‘tion. According to electronic microscopy and electronography data,
the dimensions of the crystallites in the thin films of such easily
fusible metals as magnesiuvm and aluminum are 200-300 R, and for such
metals as titanium and chromium, 20-30 X, i.e., 10-15 times smaller.
Of probably the same order will be the relationship between rough-
ness of the films of metals condensed on 2 cold underlay (podkladka),
depending on their melting point. *he roughness coefficients of the
surface of etched samples or of their surfaces obtained by reducing
oxides with hydrogen have values from 20-1000, depending on the methods
of etching and reduction (11).
. However, in high-temperature oxidation the original roughness

of the surface disappears during the first few hours of oxidation, _
depending on the heating temperature. Thus for example, in our exper-
iments the roughness of the surface of the samples of nikhrom [a nickel-
chronium-iron] alloy, resulting from polishing on 4/0 emery paper,
disappeared after 5 hours of heating at 600° and 2-3 hours at 800-
900°. Hence, the effect of the original roughness on the oxidation
rate may be disregarded in protracted oxidation, fér example, 25-50
hours. The change in the degree of roughness in the oxidation process
1s one of the causes of the diminution, observed in our experiments,
of the values of the rate constant of this process depending on the
time at a consztant temperature.

In some cases practical workers use a number of other methods,
by which they judge the oxidation rate from the thickness of the
oxide (and other)films forming on the surface of metal samples, depend-
inz on the temperature and time of heating. To these methods belong:

1) Optical -- from the change in coloring (interference), from
the change in the coefficient of ellipticity from thickness (polar-
ization), and from the change in the original intensity of light from
thickness owing to adsorbtion;

2) Electric -- from the change in electro-conductivity; and

3) Electrochemical -- from determination of the amount of
electricity needed to reduce the oxides.

All these methods, deseribed in sufficient detail in (12, 13,
and 14), are also applicable to comparatively thin films of oxides
in cases where the optical or electric constants of the forming oxides
are known.

Thus, with the aid of kinetic methods it is possible to deter-




mine the two basic parameters of the oxidation process: the rate .
constant, or average oxidation rate, and the activation energy of
this oprocess. Howvever, on the basis of data on these varameters
alone, it is not nossidbdle to explain the machanism of the oxidation
of metals and alloy:s and to solve the queztione concerning their
protection from gas corrosion. Hence, alongside of kinetic methodg,
it is necessary alse to apply analytic rmethed::

1) Chemical analysis;

2) Structural analysis (radiograrhic, slectrographic,
meutronographic, metallographic, and electron-microscopic; and

3) Isotoric methods (methods involving radiocactive and stable
isotopes).

Suprlementary methods permiiting one to cetermine the physico- .
chemical properties of metal and oxide systems and first and foremcst
the bond energy in their lattices are the thermographic and colori-
retric methods of determining the enerzies of sublimations and activ-
ities, as well as of the character of conductivity (determination of
the Hall coefficient) and the coefficient of thermal expansion. ‘

3elow is given a description of the weight, structural (except
radiographic and neutronographic) and isotopic methods of investiga-
ting the process of oxidation of metals and alloys.

WEIGHT METHCDS

By means of weight methods the oxidation rate at a given temcer-
ature iz determined either by the growth in wieght or by the less of
weight of the sample {in the case of volative oxides or under oper-
ating condition) per unit of time and per unit of its geometric sur-
face. The weight inerease of samples in the oxidation process iz
determined Ly continuous or discontinuous weighing.
ine mehtod of determining the oxidation rates by loss of weight,
an well as the recults of investigation as to gas corrosion in varicus
gaseous eadia and urnder various conditions of cyclic leading of the
sarple, are descrived in (15 and 1€). The weight increase of samples
due te oxidation, when weighad either continucusly or discontinuously,
is determined on an oridinary microanalytic balance with a sensiti-
vity of 2+10-5 g ver graduation of the optical scale of the reading
mieroscone, -
£ a rule, the sample during the whole exreriment should be
in on? and the same crueitle, tempered to a constant weight at a tem-
ceraturs 200-2500 nigher than the miximum temperature of investigation. .
It 19 bezt to use thin-walled corundum crucibles, which have a small
eipht and acquire a constant weight when tempered for 4-50 hours
£ 1350°. Cnly in case: where it is known that the oxide films do
ne2l off of the camples and do not crumble is it oossible not
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same objectss can one obtain fuller and more reliable data both on
the rate constants of the oxidation process and on the heat resis-
tence of the materials investigated.

In view of the fact that the discontinuous weighing method
permits simultaneous experiments in the oxidation of netals with
many. objects, one can choose such a quantity of samples as to com-
bine the processes of contimious and discontinuous oxidation,

For this purpose, and to investigate the determination of
the structure and composition of the dress, it is necessary to pre-
pare 22 samples entirely alike in composition and degree of surface
roughness. Then, proceeding from the calculation that in an exper-
iment lasting 25-50 hours it is necessary to obtain 8 points to con-
struct the kinetic oxidation curve on weight-growth and time coordi-
nates, one can take out and weigh five samples after definite inter-
vale of time. Thus, for each point of the kinetic curve, five welght-
growth values will be obtained, three of which are for samples of
discontimious oxidation and two for samples of continuous oxidation.
The last two samples are then used for the electronographic and

" meatllographic investigation of the microstructure of that point.

Furthermore, the dross of these samples can also be used for its
chemical analysis. Ihree of the 22 samples will oxidize contimuously
for 25 or 50 hours. To construct the graph and determine the value
of the activation energy it is necessary to determine the value of
the rate constant for various temperatures. Consequently, 88 samples
are required for a full kinetic and structural investigation at four
heating temperatures.

A peculiarity of this method is that it makes it possible to
obtain for the points of the experimental kinetic oxidation curve data
on the mean oxidation rate, the phase and chemical composition of the
dross, and also on its microstructure. Ordinary muffle furnaces
may be used to heat the samples in air. In heating in gaseous media
of the prescribed composition, it is more advisable to employ cylin-
drical horizontal furnaces, in which it is convenient to heat the
reaction tube (up to 80 mm in diameter and one me.er long). The latter
is usually made of quartz or synthetic mullite and zirconium. Slides
Slides or couplings of "pyrex" glass are used to connect with pumps
and other devices of molybdenum glass. The furnace should be suffi-
ciently long in extent and have a constant temperature. It 1s best
to place the crucibles in a plate (or quartz or the oxides BeQ, Alz03)
with apertures for them. Here it is necessary to see to it that no
particles of extraneous matter adhere to the crucibles and that the
weight has not beon increased through interaction between the crucibles
and the mzterial of the underlay. The best material for underlays (or
bushing in the form of rings) for the crucibles in this case is plat-
inum. The sample should touch the walls of the crucible only at a
few points. .This condition 1s easy to fulfill if it is inclined to
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I (ton) -- Supporting Frame: 1) Solder of AgCl; 2) fused
aquartz; 3) counterweipht; 4, 5) tunssten wires 25 and 50
mk i diameter; and 6) reading microscope.

IT (oottom) -- Beam: 1) Center of gravity of beam; 2) beam;
and 3) supnorting Srame.




It consists of two ldentical vertical glass tubes welded
‘together by a third horizontal one in the form of the Cyrillic let-
ter Tl . In the horizontal tube is palced the frame with the twist-
ing tmgsten Filament welded to 1t, and with the beam welded to the
middle of this filomeni. ‘he frame and beor zee made of quaris, and
the welding is done everywhere with silvepr chieride. The beam it ummale-
ly made of bars of fused quartz 2f a sonstant diameter throughout
their length.

The beam, 150 mm Iong and 2 mm in diameter, is welded so
that its center of giravity is 0.20-0.30 mm lower than the peoint of
support. This i= accomplished by bending the quartz bar at twe .
points symmetrically distant from its geometric center; the point
of suppert of the bBeam and the points of suspension of the filaments
bearing the sample to be welghed and the counterpoint should 1lie in
the same plane (Fig. 2). Horns are welded to the ends of the beam
and a tungsten filamont is soldered to them. Hocoks for suspending
the sample and counterwieght are fastened to the middle of this fila-
ment by means of silver chloride. The hooks and filaments for the
_ suspansion are made of quartz, The horizontal tube and one-~third of
the length of the vertical tubes can be made of molybdenum glass;
the remalnder of the tubes are made of quartz or fused aluminum
oxide. *‘he coupling between the quartz part of the tube and the
rolybdeoum tube is made either with a speclal glass composition hav-
ing 2 thermal-expansion coefficient intermediate between quartz and
molybdenum glass, in the sase of whole tubes, or these parts of the
tubnes 21w anited by means of slides. 4he lubrieant vapor of the
slides 15 frozen out by ligquid air poured into a speclal trzp over the
2lide {see Fig, 1).

Tn the vertical tubes are placed metal diaphragms which, having
small avecriures through which to pass the suspenzion filamente for
thr campie acd counterwelght, reduce the intensity of the conwvection
cierents during the expasriments at high temperatures, They further-
more wrorote the cooling of the hot masses of air, since there are
traps with liguid air and running water circulating around them at
the plaee. where these diaphragrs are located,

The whole gla:zs part of the wéighing assembly, with a high-
vacuum oil i‘ffu,Lon pury:, weasuring lamps and a flask for oxygen,
ir mounted on a massive steel frame soldered to a steel plate 3 cm
thick and /0 X 50 om square. to protect the halance from vibratien,
ternis balls (about 100) are used, on which the plate of the welgh-
ing azsembly is sct. A mlieroporcus rubber mat is placed under the
pPre~vacuun (forvakuunmyy) pump, and a rubber coil uniting the pump
with the balance i3 firmly fastened to the wall. However, it is
diffimnlt to eliminate vibration entirely, especially in weighing in
a high vacuum (~10-© mm of mercury). In this case, the pre-vacuum
purlp is turned off during the experiment, and the high-vacuum diffu-
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"OJnr'J times with an dnert pfac

¥ y raves and the wate

ﬂeverai varts ef the unit pocial

tolarences, are renoved more q"loxlv. ?urthermcre, the residual pas

I the apparatus at o pressure of 107V mr will be an inert gas.

Jueh pescantionary rzosures have to be *"ken ir cbtaining fine laysrs

of matal in o vacuwm and using then subrecuently 2s objects

ining the adsorviion or oxidaticn nroeesses, as well ac

the rate of evaporation of unv “pfal is veing deterrined,
The basic raremetcrs of the torsion balanece are ssnoitivity,

bibration naricd, and 3.:21"% welisht of ok rLrL\., wrizh can be dctermined

7

purity). teant vapers

X
giver off §

, @spa

P

on tao balence with contrellsd precision. these basic parameters
are 2loszly relizted to one another, se that a chanze in one of them
crance in another. Honce, in chcosing this or thal bal mne
one iz governed cnlefly by what probloms it is
I, Sor example, the problen i pesed of investigeling
ranizm of any metal, beginning with the ad:o-btieﬂ g
» 01 a one-nolecule larver of oxyzen egulivaleni tc 3.53«
o

ea of 1 g en must be dqt"rn;uﬂd on the D

o3

-

conciLivity - ie determ n-d Ly tlc ratio of the onrie of delloction
o7 the heam o ths ovc.lcaa.lip, viieh vroduced this deflecticn, i.e.,

11 %hi: e“ﬁ“vzsion, the rat

tia ceale of the mersurt o
tho beam, may be cubs itutca or the angle
o

whare i3 the diorlaeament of the Ife-'-"m.
' the sencitivity of & given bals

2 an 5
roseribes 1L, iz detervined by the size of the dizplacoment of the
Leom ive o the size of the overwelpht cauzing this displacsment.
In ne zae tho censitivily of the balsnce is exvresszed in grame
per ;,‘duatxon o’ the microscale of the measuring microscope, which
Jdn ercinary microscones with a micro-ocular attashment, corrasrond:




to 10 mk.

Instead of this microzcone, an OMC-6 microscope with a 1 mk.
graduation value con be uned, Guch sansitivity is determired cxver-
Imentall;r Jvrom Lhe stivisg ¢ of gra <‘ ztion.  For this muarmpose,
batekes of G,L, 0,2, C. r, OLC., hedd with preciszien on the
microanalytic balance, ! and mazpendsd Irom one of tf“‘ ands
of the beam, z2nd the size of tre displacement of the other ond iu
found with the aid of the aieroscope. The value of Ap iz deter-
rined from the strairht line of grac‘wat: onby dividing the waight of
the chzrge br the 'nlr-zb'zr of secale units of the displacsament of th
bLeanm on the nmicrosconc snales To make a balance with a sencitivity
37 ZelD=Y =, with an QS(: 1latisn coricd of 9 ceconds for a sarple

hing 0.5-0.8 ¢, it ic necessary to moke 2 beaw 15-14 em long of
1

in the forn of 2 bar 1,3=2 mr in diameter. 4 tungsten

-t
vl
Gy e

rire 25 nk in diometer and 25-30 m lonc should be uvsed as supnort-
ing filarent The distanse from the .'oln+ of caonort te the center
ol cravity ;..\ou‘L.r_"ce 0.3-0.4 nm.  The threzhold of sensitivity mey

be loversd to 1677 ¢ by diminishing the 1 nshv ¢” the sample to core
tentihz of a millieram, malking the diameter of the sunport filaments
Z=10 mic and bringing the distance from the center of sravity to the

point of ouppert dowm to C.10-C0,15 mm.

Quertz filaments, whick asre more stable with resvect Lo tem~
zerature chanzer, are often used instead of tunpsten filanants,
However, i1t is hard to prepore them and still more difficvlt Lo asseme
ble then.

wWhile it is comparatively easy to achieve great sensitivity
in the bzlance, it is co.31derab1J narder to attain grezt pracision
1r veighing, lnnsmuch ac the precision of the detewh'tlor- of chanre

n the weirhit of the sample In itrs oxidation vrocecssz for w.y de;lv
der:’fined balanee It affected by ’;r‘.fnv hasle 'u-*‘or“' vibration, change
of Lermarauirs, Akt pressure 1 the valanece zpace and the nos )md zed
char‘g'a"

e affect of vibieation can be -':omp_._a'!:ely elininateq in

only bio voxs. ”nb ol thien 1o Yo keen the balance beam J4ith the sup-
novs fraica and suspoanded losde in the 1»r-'eig‘.md state, Tor zrample, by

2 £i21d {(as in t'm cace of melting metals without a crusitle) within
the eariag or rzaction t1bes of the balance. Another method consists,
or: the other hand, of erezting a Tirmi machanizal connsction of the
whole strusture of the balance with the mass of the zround., For this
nurpose, the nmassive pedestal or substmicture of the halance rust
be 12t m'bo the ground to a depth conszidarably greater than the foun-
d. tion ol the LL;1 iz itzel? and the oubstructire of the conavessor
angd r mnwr.‘ inzballations. Our experiment in using tennis balls and
“an u.vr swoort wlataz to absorb wibrating, az well as in replacing
pumms Moy maintenance of a wermanent vacuum in the waighing instal-
lation by mas-absorbing materials, has yislded vositive results




As a2 very simple means of protecting the balance from oscilla-
tions of great amplitude, which may result from resonance or the acci-
dental rapid admission of gas into the balance space, it is useful
to restrict the movement of the beam by twe slightly taut wires of
tangston 25-30 mik in diareter welded to the tws sidez ol the bean
at a distance somewhal! greater than the deflection of the bram thal
is the maximum admitted by the scale of the reading microscope.

The affect of the temperature factor is determined by calibra-
ting th ance for each working femperature. The correction coef-
Ticient determined from these calibratio 9 lines with a balance sen-
sitivity of 3 + 10~7 g should be 6 - 10~/g/9C. 4o reduce the effact
of the temperature factor the part of thebalance in which the beam

th the supporting frame is located ig put into an air themocstat,
iu which the Lamperature is kept somewhat above room temperature,

The pressure factor affects the change of weight in the sample
and counterwelght due to buoyancy. To eliminate it, the sample and
sounterwieght should be made of one and the same material, and the
counterweight should differ from the weight of the sample by 0.2%.

. With lidentigal values of weight and volume, the sample and the
counterweight must have entirely different surface sizes. Hence,
the counterweight must be made in the form of a ball with an ideally
pollshed surface, and thz sample in the form of a sheet-iron or fail
plate with a surface of 10 or 100 times larger than the surface of
the counterweight. In determining the quantities of gases absorbed
by the sample, a correction must be made for the absorbtion of the
gas by the counterwsight.

The conditions of operating the balance are considerably com-
plicated in investigating the kinetics of the oxidation of metals
at raised and high temperaturas. On the one hand, it is necessary
to place both ends of the heam and the sample with the counterweight
undar identical temperature conditions in order to reduce the effect
of the temperature factor and convection. On the other hand, the
samples with thelr counterweights must be of one and the same mater-
121l in order to eliminate the effect of buoyancy. In this case, one
sndeavors to select a counterweight of oxides of the same density
(25, for example, quartz in the oxidation of aluminmm) or a counter-
weight of the same material is welded intn a thin-walled quartz tube.,
Or, finally, the upper part of the balance, in which the supporting
frame with the beam and counterweight is located, is palced in a
thermcstat and the balance 1s graduated for eacy vorking temperature.
AMlowing for these corrections, a change of 10~/ g + 204 and 10™° ¢
+ 104 in the weight is observed whrn the zero position is stable.

To remove charges from the walls of the horizontal and vertical
tubes (especially when the suspension filaments, the support filaments,
and the tubes themselves are made of quartz), their inner surface 1is

covered with a thin platinum £ilm, which is grounded.
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I (Left) - Type of Winding in Which Ho Magnetic Field is

.

Produezd: 1) Parcelaln cylinder: 2) wire 1.7 i in dianetsr

of Karnilov 2llor; 3) thin porcalaiy tubes.
IL (right) <« Vacuum Heating Formace of Nolyhdenmun Tape:
1) Wald of "myver" glass with porcelsin: 2) exhausi for
cvasuetine tha outer jacket; 3) evhaust for evacuating the
timer tube; B) leadein of tungsten wite: 5) rmultli-ctrand
lead-in wire of nickel; 6) platinum-nlstincrhodivm thermo-
couple (107 rhadinm); 7) MacDaniel peorcrlain {synthetic
millite); &) molybdenum taps: 9) distancs ring of alundum;
10} sorar tube; 11) cubter tube: 17) heater with bifilar
winding of molyhdenuvm tape; and 13) platinum-platinorhedium
thermozounle,

ig} = Lo the microweight
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Cylindrical furnaces with bifilar winding or with the winding
shoim in Fig. 3, I. are used as heating elements.

The temperature of the sample is measured with a thermocouple,
the ball of which is in contact with the other sample exactly like
the oa2 beinz welghed, and iz located as near as possible to the
latter,

The reaction tube 1z most simnly menulactured fror qaartz. But
quartz, beginning at 803°, conducts oxysen; hence, for experiments
in the temveraturs interval 300-1000°, it is nscessary 1o use a tube
with double walls, and the air must be pumped ocut of the space between
tham. A model of such a tubs with 2 heater of molybdsanm tape installed
ostwesn its walls is shown in Fize 3, IT (19). At terperatures of
1020-14500 the best mnterial is aluminum oxide (d:_.‘A1203) and a’so
3ed. Thele oxides undergo no phase conversions and do not nossess
any ncticeazble evaporability in this area of temperatursz, The oxide
comounds of the  Ni4lp0n, Zriily, nSids, mAl203 type decompose in
a vacuum at temperatures above 1300°,

Y ‘ Lezend: 1) Trap for liquid
Z J nitrozen: 2) quartz beam;
= 3) plane-parallel clzss;
v 4) reading mizroscone:

5) counterweight; 6) sup-
port (place where beam is
soldered with tunzsten
filament); 7) evamuaztion
tap; 8) target: 9) outlet
for heating targat in
degasification; 10) massive
cobrer plate for coolinz
collimator; 11} celli-
mator; 12) evaporator;
12) thermocouple;

14) water cooling;

15) air thermostat; and
1€) sonization lamp for
N\ W\ measuring vacuum.

Figure U, Scheme of Vacuum Microbalance
for Determining Heat of Sublimation and
Activity of Components of zn Alloy
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‘Legend: J
I. Path of ---ci'”""“"- et J-MM
. Path of Electron /”” 07 atan q-.x 17
Biam to Lenat .L A
1) filament; l ' |
2, 3) diaphragms; cH e —
4) size of beam b. | 7
IT. 3Scheme of Arrange- =
ment of RElsetronic EL ,
Optical Elements and /

Fath of Rays in oz 2
Electronograph with f B
Two-lens Condenser: . | .

1) filament; L &y
2) first and second : / 3 2
anode diaphragms; i-
3, 6% diaphragms; ) —4

7) lensey; ‘
)) ﬂffective’source ~\\“‘-.5- Vs
of electrons;
8} sample; 42 :
9) screen, "'{ ——

III, Scheme of Path 5 ﬂ
of Rays Whan Photo~ \ .y
graphing Simltaneous : b W' i
ly for Reflection and (2 \!
FPassage of Rays: b\
1) sample;

2) thin film of alum-
3) diaphragmed rays

from massive sample; FPigure 7
4} diaphragmed rays

from aluminum film;

5) photo plate.

In the case of the one-lens.. focusing system the lens 1
be placed at an equal distance 3 from the primary source of el:
trons and from the screen b; then it will not produce an enlar
(x = bfa) of the size of the primary source. In modern electr
graphs, the distance from the lens to the screen is 35-70 cm.
sequently, in order to avoid enlargement of the image of the s
hy the lens . the distance from the primary source of electron
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The exrressions vhereby the magnitudes of the expansion of the spot
for the above reasons are calculated are given in (35). us, accor-
diny to the data in this work, the size of the expansion 6f the spot,
owing to spnerical aberration, is:

Ty 3 r

> - ¢ 3 4]

spher. = 0b (=2 )7, Py
<«

whare 7 is a constent;

g and b are tne djstances frow the lens o the primary sourcs and
L4
ol

creen, res *vcz:.ve‘

r, i3 the radiu: of the eopaning of the eperture disparagm of ir~
lens )
2 Y PO S R £ N LR ~ 3
The size of %ae chrematis aberratior £ anp, calsed by ib
rnanme in the lenpib of iihe clectron wave cwing o Lhe fluc vation
oir the accelerating voltape ¥V is detersinzd from aﬂueulcn (1):
L}‘ e oy = é—:‘— (4)
teld s ~ ‘]
[+

of the expan;ion of the spot in dependernce on the
s : ap, -8 determined from the expression

where A 13 the lengthh of +he ciectron wave;

L tas déisignee from the sample <o the scereen;

n

[
ct
£
-
(Y5

Lt et . L
1790 G tuoe Qrystiil.

I% feliows frur this expressien tnat the exwansion of the
spot for a given nenn crystal sizr dapepds very groatiy on lhe magnle
lude of AL, l.0., th consient of ihe electroroyraph,

Ore more correctlion is intreduced, oue 20 the fact thal the

diffrectad ray eormes into '«cu; in tne form of a spherical surface
witih its zenter in the plane ¢ fhs sawmpie. Henmee, for a ziven
difrreotion rving of radius ®, ihe point of foons will be sonewhat
aiove tae plone of the sereen, so Lhat instesd of 3 point lhere

is Jormed £ dicsk whose size Z&R iz determined from the equation

. - L R
PRE T TR (©)




Thus, allowing for all these corrections, the sige of the
image bf the primary source on the screen will be

L4

N = rim + Agpper. + Dor, +43 + Agr,

It is evident that the minimum separation of the diffraci
rings in *he electronogram will be determined by the Gisztribut!
of the intensity both in&ha spot and over the width of the rinj
dependence on the radius of the spot 7}/ or the half-width of {
ring. Work (35) gives the following expressions for minimum s¢
tion and accordingly for resolving power:

4
AR =14 « % ;éﬁgglﬁ_é:‘_. ‘

Substituting in expression (8) the values of R from form
(1) and  from identity (7), we obtain tke final equation for
regolving power of the electronograph in the form:

AR: .].'r"" ‘J.i.
R AL

(rin + Asphex'.. + Acr. +AR + Acr.:

The dispersion power of the slectronograph is determined
the ratio .ﬁ% , where AR is the difference between the radii ¢

the diffraction rings in the electronogram, and Ad is the difi
ence between the values of the corresponding inter-plane distar
The dispersion is found from equation (1) R = .7\a_L_ and !

AR/Ad = ~ALjd%.

It follows from this equation that the dispersion power !
its absolute value with the assigned electron wave length 1a di
proportional to L and inversely proportimnal to the square of
the inter-~plane distances.

The electron wave length A in a first approximation is ¢
mined by the oquation A = 12,254/ V =~ %, where V is the accele
voltage, With the tensions used in electronography practice, 1
40.70 KW, it varies from 0.06-0.048 §. i.@., it has practically
little effect on the size of the dispersion. The magnituge of
varies from 35-70 cm. There is an especially great variation i
the linear dispersion from the values of the inter-plane distar
and that in the direction of a decrease in it. Thus, for exas
with a change from 1 to 5 & in the inter-plane distances, the ¢
persion diminishes 25 times.

It is evident that such a rapid dimimution of the disper:
. power in dependence on the growth in the inter-plane distances

- 2?-




be compensated either by the magnitude A or gy the magnitude L.
Moreover, for values of d equal to 10 and 20 X, the radii of the
corresponding diffraction rings computed from the equation

R = 2%& will be, resvectively, 3.5 and 1.75 mm, with A = 0.05 &£

and L = 700 mm. But it is known from practice that the diameter
of the central spot formed by non-coherently diffused electrons on
the photo plate varies from 3-2C mm.

Thus, the diffraction rings corressponding to inter-plane dis-
tances of 10 & or more, even for an electronograph with L = 700 mm,
will fall in 2 strongly lighted (dark)} spot on the photo plate and
will not be detected,

To heightern the dispersion power of the electronogravh, two-
and three-lens diffraction charbers have recently (36) begun ta be
used. Jhis instrument enables one to obtain electronograms with
diffraction rings of such diameters as could te obtained in the case
cf the ordinary electronograph only with a distance of 4500 mm from
the sample to the photo plate. Thus, the three-lens diffraction
chamber in this case nas made it possible to enlarge the dispersion
7.5 times.

The productivity of the electronograph, determined by the
number of photos per unit of time, depends on the speed of reaching
the vacuum 1imit and on the number of photos per evacuation, and
also on the time taken by the photographing itself and the reloading.
The rate of evacuation_gf the electronograph at present is such that
the vacuum limit of 10~* mm mercury is reached in 4-5 minutes with
cor.tinuously orerating pre-vacuum and diffusion pumps. The original
exhaustion with the pre~vacuum pump and the warming up of the dif-
fusion pump last 20-25 minutes, If the photo holder contains 12
photo plates, 12 pictures 9 X 12 can be obtained in 5 minutes with
exposures of 1-5 seconds from samples for passage of rays or in
10 rinutes from 3 samples for reflection and 6 samples for passage.
Thus, in 30-35 mimites it is possible to evacuate the electronograph
to the working vacuum and obtain 12 pictures. The reloading of the
holder and the developing of the plates zre done during the next
evacuation. )

In the Soviet Union, three models of modern electronographs
have been developed and successfully used: the EM-l4, the model of
the Institute of Crystallography of the Academy of Sciences U35
(EG) and the model of the Institute of Metallurgy of the Academy
of Sciences USSR (VEIM-1), which is an improved form of the model
of th? I?stitute of Fhysical Chemistry of the Academy of Sciences
USSR (37).

Table 1 gives the values of the basic parameters of the elec-~
tronographs. In all three, the rates of evacuation and the current
and tension [voltage] stability of the sources of power are approx-




Table 1

' N - apAcKuR
;.)':::18 3.':‘,.2:;. (.D !, IM-4 @S a ,f" } ; DBIIM-! ‘\4‘. } w?k:r;bl;orpaeg;\
TpolNoA ok | i _ i | ey
! i

P., MM i 5.40-2 5.40-2 2,510 3.0*10"

a . L a5 c 500 .:00- )

m o, | 1,40 1,40 1,40 :60

L. | 500 700 500 ) 100 s
V. xe; A A L 45:0,058 75: 0,045 50; 0,055 £0; 0,055

M1 boag00 L 315 27,5 2

ran I 7.0 7-40-1 2,75-10-2 3,8-10-°

¥) L 0,145 0,160 0.140 0

i R 3,1.10°8 1,4.40- 2,4-1?

AR R | 1,102 1102 8-10-3 1;10'

A Riad Y 3,5 27.5 22

LEGIND: 1) Basic parameters of the electronic optical parts;

2) BMJss 3) EG; &) EVIM-1; and 5) British electrono-
graph (35). ' )
[ROTE: Text o article speaks of "VEIN-1"; whereas abovs in the

- table is mentionsd the EVIM-1.]

imately the same. The mechanism and the possibility of displacing
the filoment and the gun itself are also approximately the same,
Wor do the mechanisus for controlling the displacement of the sample
differ sdbstantially. However, each of these electronographs has
its characteristic peculiarities. Thus, the EM-4 electronograph

1s a compact smali-sized apparatus, in which the electronograph
cclumn and the highevoltage and low-voltage feeding units are asseme
bled in a single bank (blok)s An opening with a radius of 0,05 mm
in the vottom of the focusing cylinder serves as the primary source
of wlectrons. The condenser consists of two lenses, but practically
only one is used, since in operating with both lenses the intensity
of the diffracticn rings in the electronogram is so small that it
does not lend itself to interpretation. The photo holder of the
instrument permitc one to take 12 pictures 6 X ¢ cm in size per
evacuation, Awong the cubstantial defects of this model must be

mentloned first and foremost the inadequate size of the diffraction
field .
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The electronograms obtained frem the EX-4 instrument with
tension of 40 KW and a maximum possible ring s of &40 mm do
contain ections corresponding to inter-planedistances of le:
than 0,75 K. A great defect in the design of this instrument, :
well as in the similar US model released in 1946 (41), is the d
ward displacement of the electron gun, and the upward displacem
of the diffraction chamber and the photo chamber., With this ar
ment of the main nodes of the electronograph, the openings ef a
the diaphragss quickly get clogged up. M,reover, the parts of -
electron gun joined together by picein [picene?] are in a hangi
position in immediate proximity to the electric furnace of the
pusp. In the absence of additional heat insulation between the
gun and the furnace, the glass vessel with the cathede part can
separate: from the anede part, so that at 50-60 degrees the pice
softens and leses its strength.

The EG electronograph is a horizontal model with respect -
the lecation of the nodes and is more perfect that the former m
from thié institute. The main change in its design consists in
the distance from the object to the photo plate has been reduce
from 1500 to 700 mm. A prime defect is the great distance from
object to the photo plate (700 mm), which has caused the distan
from the electron source to the lems (560 mm) o be increased
as to obtain the ratio B = 1.5, Furthermore, at a distance of
560 mm, the cross sectifin of the beam is large ( 1.5 mm), so t
it is necessary to limit it with a diaphragm having a diameter .
1 mn in front of the lens, which diminishes its intemsity. %The
horizontal position of the nodes makes it necessary to join the
together in the wertical and horizental planes; in addition, th
electronograrh is subject to strong vibration from the pre-vacw

pup and other wibration installations in the building. Anothe
substantial defeet 41is the nse in this instrument of a pocket p
holder which allows only two pletures 9 X 12 em in size to be o
during one evacuation, thus considerably lowering the productiv
(six times).

The new vertical VEIM-l electronograph is a small-sized m
(A. A. Ronetantinov, V. G. Bogdanov, and V. S, Rybakov took par
in developing this model), in which the column of the instrumen
and the electric feed unit are assembled in a single common ban
The primary source of electrons is the anode diaphrage with an
aperture of 50 mk. The distanece a3 from the electron source to
lens is 500 mn, while the distance b from the lens te the scree
is 550 mm, The b/a ratio d&s 1,1. Thus, the size of the electr
beam is enlarged only insignificantly en the screen., The resol

power of the alecironograph exceeds by more thun twice that of
ments EM~l and EG,

-
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The object chamber permits samples to be obtained by the method
of evaporation and condensatlon in the instrument itself in the form
of thin f£ilms of metals and alloys and other substances, and also
allows the therm2l and chemical treatment of these £ilms and of massive
samples. The hoider allows three samples to be installed when photo-
graphing for reflection {plates 20 X 10 X 2 cu mn in size) and 6-8
samples or 10-12 samples in the form of thin films for photogrsphing
for passage of rays. The electronograph permits the taking of 12
electionozrans of 10-12 samples during one evacuation (30~35 minztes),
i.e., the structural data on the phase and chemical gomposition of
the oxide film for 8-10 points on the kinetic ozidation ecurve of metals
or data on the phase composition of the metal, oxide, and other sys-
tems for several tempsraturss, The productivity of the VEIM-]l elec-
tronograph is six times as great as that of the EG. It is evacua-
ted directly from the photo chamber, the object chamber, and the
electron gun by means of nozzles econnected with the main tube, which
reduces the probability of the spread of water vapor and various
gases from the photo plates and samples into all nodes of the instru-
ment and especially into the electron gun.

The table gives the maximum possible accelerating voltages and
the corresponding electron wave lengths of the different electrono-
graphs. It does not show the values of Qgpy, and Ap, since even

for lens aperture diaphragms of 0.50 mm radius, they are 10-% and
10-3 mn_respectivsly. With a primary electron source of radius
5 ¢ 102 to 5 » 10, these maznitudes may be disregarded.

The great eniargement of the radius of the spot {and conseq-
uently of the width of the lines). caused by the size of the crystals,
as may be seen from the table, reduces the resoclution by a whele
orde;, and the less the value of 1, the greater the reduction, 3But
despxte this it is necessary that the natural half-width of the lines
or the size of the spot on the screen from the slectron beam should
be as small as pos3sible.

) The size of the beam is of especial importance in investiga-
ting the size of small erystals. The resolving power, without and
with allowance for the effect of the size of the crystals, is deter-
mined respectively by the following expressions:

AR _ 14+ 4d b. AR _ 1.k 4 b AL
R AT R RS She (rm YT

The values of AR/R gi§en in the table are computed from the
above expressions ford = 1 and 1 = 200 X, The values of the

dispersion power are given ford =1 2, It follows from the table
that the resolving power of the VEIM-1l electronograph is half again
as high as that of the EM-4 and the EG, while the dispersion power
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o all four instruments is almost equal. The difference in resolving
power is to te explained chiefly by ths faet that the size of the
beam on the screen is5 2.5 times smaller in the VEIM-1l than in the
Tiah ond the B3, This L3 acromeliszhed by raducin: both trhe size

¢i the primary bean and the & ratis, wirich is reiuzed to 2 tinimm
in the VETH-1, Wirther weicing of the sozoivinz power for elestrono-
graphs with z one-lens condenser is obviously pocsible only by dime
inishing the size of the primary source of electrons.

Our sxperience with the eleciron beam having a 5C mk diameter
(diameter of the aperture of the anode diaphragm)confirms this poss-
ibility. With this size of beam and the values 2 = 500 and b =
550 mm, it is possitle to achleve a high rezolution and entirely
adequate intensity of the diffraction picture. In the modarn clec-
tronograrhs with two-lzus eondensers, no success has been nnd in
ovtaining a satisfactory combination of these tiwo »narameters. The
small differences in the dispersion power of all the inst - iments,
despite the different distances L (varying from 400 to 700 mm;, are
to be explained by the fact that the magnitude L enters into the for-
milas both for the resolving and for the dispersion rewer in the
form of z product with the magnitude A -~ the electron wave length,
which, as is known, is inversely proportioral to the square root of
the accelerating veltage. In increasing the distanze L {o 700 mnm,
tna distance from the primary sourze of electrons to the lens also
has to be increased to 560 mm in order to preserve the ratic 2 = LA
{whieh occurs in the 30 instrument).. Here, the total distancd® from
tha source of electreons 4o the screen (a3 + b) is increased to 1740 mnm.
cince the clectrons pass through this dislance by inertia and the
vatuun i the electrsnosraph is 10~% of mercury, it is necessary
to raize the accelerating tension considerably in order to diminish
tha diVergenice of the beam in the space of the first lens and the
losses of eclectron velocity due to the collision of electrons with
nolecules of residusl gas and libriecant vapor in the instrument.

elerating voltage diminishes the
2

mowever, an increase in the ace
! clectron wave ienzih, 2o that the produst AL {constaagt of the instruw
rment) is not inerensed much,
Thiz, increase in the distance L from the object to the sereen
cannot alone achieve 2 substantial rsising of both ths dispersion
and the resolving rower. For electronograpnis witk a one-lens con-
denser the following basic parametesss may be resommended:
1)} Diameter of the openinz in tne catnode protecting and
forusing cylinder, C.5-1 mm;
2} Daimeler of the opening in the anode diaphragm, 350 mk
{orimary sourcs of electrons);
3) Distarnce from the anode disphragm tu the aperture dia-
phragm of the condenser, a = 450-500 mm;
4} Diameter of the opening of the aperture diaphragm, 0.5-0.6 me;

N
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5) Distance from the last diaphragm to the screen, 550 m
6) Distance from the objest to the screen, 500 mm,

METHOD OF MAKING A PHASE ANALYSIS

As noted above, the atomic structure of oxides is determis
by elecironogcaphic analysls. The possibility of suecessfully
"the electronographic method for quantitative phase analysis was

shown recently by L. S. Palatnik and B. T. Boyko (42, 43) in in
tigating the proecess of decomposition of an over-saturated soli
solution in thin films of alloys with an aluminum or copper bas
The authors found an original soultion fer the problem ef obtai
two displaced electronograms on cne and the same plate from two
dard samples (for example, from Al and Cullp in the case of the
system). The displaced and superimposed electronograms were ot
by the periodic displacement of the primary electron beam from
sample to the other by means of divergent plates (placed betwee
the sourfe of electrons and the object), to which electronomagr
impulses of voltage of the rectangular form were applied. By 2
ing a definite length of the impulse or its frequency, one can
superimposed electronograms having the necessary ratio of inten
between the comparable lines on the basic and displaced electro
According to the anthors' data, the impulses were applied with
Pfrequency of 10,000 cycles, which with a 1-2 second exposure én
identital conditions for obtaining electronograms of both stand
samples. '

The ratios of the volume concontrations of the phases in
in the alloy were determined by comparing the intensity of the
in the standard superimposed and in the electronogram of the tw
phase alloy (mixture of the phases: Al + Cudls). The precision
the agreement between the data of the electronographic phase an
¥ysis and the data computed by the 5. A, Vekshimskly methed is 2

This methed of obtaining superimposed electronograms can
be used for mansive samples if the phases do not have a laminat
distribution., In oase of thin films, a laminated arrangement
the phases in the alloy is also possible. Here it is necessary
ses to it that the thickness of the films and the size of the ¢
in them are alike both for the standard sample and for the samp
under stody. In both cases, one should use the electronomicros
method of investigating the secondary (crystallite) structure o
the objects,

The technique of making a high-grade electronographic pha
analysis of the drosses is fairly simple, if electronograms wit
sharp diffraction lines are obtained from the samples under stu

_ and the dross itself consists of oxides with known structures.
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The first stage of analysis consists in determining the constant
of the instrument 2 AL by the formula:

2 AL = dD,
where D is the diameter of the diffraction ring, in mm; and 4 is
the value of the inter-plane distance from the standard substance
corresponding to this ring, in £.

One of the phases of the glven sample may Pe used as the
standard substance. For example, as regards the oxidation of
thin films of metals or their solid solutions, the standard may
be the gradually oxidizing metal. The value of the constant of
the instrument is then determined from the above forrmila as the
mean between three strong lines of the metal; in choosing the lines,
preference must be given to those which have a large diameter., For
rings with large diameters, the relative error AD/D of measurement
of their diameter will be less than for rings with small diameters.
“o determine the constant of the instrument one may select diffrac-
tion rings in the electronogram with 30-50 diameters. The relative
error will then not exceed 0.2-0.3% when the ring diameter is
m2asured with a precision of 0,1 mm.

If the phase composition of the dross is determined from
samples in the form of thir. laminas deposited from aqueous (or othe
suspension on underiays, table salt, inftroduced inte the agueous
suspension in the quantity of 0.1-0.05%, is mostly used as the
standard substance.

: Thin £ilms of metals, used simultaneously as underlays, may
also be employed as standards. For this purpose, thin films of
aluminum are widely employed, being eacily obtained by the method
of evaporation and condensation in a vacuur, and the electronograms
of them contain sufficiently sharp lines to determine the sonstant
of the instrument.

Tt is considerably harder to determine the constant of the
instrument from electronograms obtained from massive samples by the
reflection methed, since it is very difficult to obtain simultaneous-

ly on cne and the same photo plate a diffraction picture of the stand-

ard and of the surface of the sample under investigation. Hence,
the most common practice is to take an electronogram of the standard
some time after obtaining one for reflection, it being rossible to
ovtain both electroncgrams on one and the same plate , as well as
on different ones. When the high tension is well stabilized (0.01-
0.03%), this method of determining the constant is fairly reliable.
One may also use the method of simultaneously taking electronograms
on ore and the same plate from the sample under study for reflec-
tion and from the standard (aluminum film) for passage of rays (the
author has been applying this method since 1952). For this purpose,
the thin film of aluminum deposited on the grid is arranged on the

.




In quantitative analysis, a visual relative evaluation of the intem--
sity of the lines by the G-point scale is mostly sufficient.

In evaluating the intensity, account must be taken of the
uneven distribution of the background intensity in the slectrono-
grans, especially when underlays of the cellulose type are employed.
In many cases, such a strong background in the area of the central
spot 1s observed in the reflection electronograms of massive same-
ples that even the high-intensity diffraction rings are not revealed
in it. Hence, for the central part of the diffraction picture, it
is necessary to make a shorter exposure than for a peripheral pic-
ture, and both parts must be photographed separately.

The multiple-exposure method (45) usually employed to evaluate
the intensity of the linas from samples for passage of rays can also
be used for electronograms for reflection. An accurate and direct
precision determination of the absolute values of the intensities
can be made by means of meters and photo multipliers with an attach-
rent for the elimination of the background. The method of recording
the diffraction picture proposed in (3%) permits one to solve this
problem in a positive manner,

The concluding stage of qualitative anilysis consists in com-
paring the values of the inter-plane distances computed from the elec-
tronograms of the oxide film under study with their valves obtained
for the presumed oxide (or compound of oxides) by the X-ray method.
If it is found in this comparison that the wvalues of d for three
{or more) basic and characteristic lines in the electronogran of
the oxide under study having the strongest intensity will coincide
with the tabular values of the inter-plane distances with sufficinet
precision (0,3-0.5% for electronograms for passage of rays and 0.8«
1% for reflection electronograms) for lines of the same intensity,
the oxide (or other) phase in the dross of the given sample is
regarded as established. The task of determining this or that oxide
phase 1s considerably facilitated by the fact that the chemical
composition, structure, and thermodynamic characteristics of the
glven sample are usually known. If an oxide is formed with a new
and unknown structure or with a structure whose lattice parameter
values deviate considerably from those of the presumed oxide or
oxide compound, the means of electronographic and roentgenographic,
and in some cases also neutronographic, analysis are employed to
cdetermine the crystal structure and establish the nature of the phase
from it.

Despite the high absolute sensitivity of the electronographic
method of investigation, which permits one to obtain a diffraction
picture of 10-12 g of a substance, its precision in determining the
phase composition of mixtures ef oxides and other compounds does
not exceed that of the X-ray method and amounts to 1-5%,

In addition to phase analysis of the dross, the electrono-
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‘ lower edge of the sample in such a way that the grid with the film
is raised 0,05-0.1 mm sbove the surface of the massive sample under
study (Pig. 7, III).

e second stage of phase analysis is the measurement of the
diameters of the diffraction rings in the electronograms of the sam-
ples in the form of thin films or the radil of these rinzs in the
electronograms of massive samples for reflection. <Ihe diameters and
radii are measured with an ordinary ruler (preferably with 0.5 .
‘mm graduations) with a precision ef 0,1-0.2 mm, or with a comparator
with a precision of 0,01 mm. The.center of the diffraction rings
in the ray-passage electrenograms is the trace of the central elec-
tron beam in the form of a small pit in the photo emulsion and a
black dot.

As regards reflection pictures, there is either no such trace
at all, or it sometimes fails to coincide with the trwe gecmetric
center of the half-rings in the electronogram. In such cases, it
is useful in finding the center to use celluloid sheets to which
2.3 half-rings can be transferred and to determine the center from
them, not from the lines on the electronogram itself. The center
"of the diffraction picture for reflection may be determined by means
of patterns representing the set of rings or half-ringsdrawn on the
celluloid plates with radii computed for the various values of the
inter-plane distances at the known value of the constant of the instru-
ment, i.e., from the formula D = 22L . By superimposing the thus
constructed picture on the electra;;m of any sample, one may, by
superimposing two or three rings, determine the center of the half-
rings in the electronogram. To find the center, one may use the
electronogram of the standard for passage of rays.

Then the inter-plane distanees d, corresponding to the values
of the diameters or radii, are computed by the formulas:

d=2AL 4 4d-.AL
n D n R °

where L, D and R are measured in millimeters, and A in angstroms,
In more precise calculations of elsctronograms, the values
of d are computed from the expression:

d L L R aee
2ergdd RO +dm @]

The third stage is the determination of the intensity of the
diffraction linea. In investigating stmctures or msking a quanti-
tative phase alanysis the intensities are determined in the same
way as in the X-ray structural analysis: from microphotograms ob-
tained by means of recording microphotometers. The photometrie
method of determining intensity has been described in detail in (44).

K
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' graphic method can be used to determine the orientations of the
crystals in the oxide film with relation to the crystals of the
metal on the surface of the sample. By studying in detail the orien-
tation relationchips between the crystals of the oxide file and
tha uvnderlaying layer of retal {or, in general, the crystals in the
surface layer of the underlay, on which the new phase is formed),

P. D. Dankov (46) established the principle of "orientation and size
agreement.? On the basis of this principle, P. D. Dankov (1, 47)

. and V. I. Arkharov (12) created the foundations of the erystal-

lochnemical theory of the oxidation of metals and alloys.

ELECTRONCMICROSCOPIC METHOD

The electroncmicroscopic method of investigation and the cor-
responding apparatus have been widely described in a number of mono-
graphs and review articles (32, 50, 51). Hence, we shall only deal
briefly with the main problems of investigation of the oxidation
processes, which can be successfully solved by means of the elec-
tron microscope. To these problems belong the following: invese
tigation of the process of the formation and growth of oxide crys-
tals on the individual planes of the grains of the metal; study of
the recrystallization processes in oxide films dspending on the time
and temperature of oxidation; determination of the microfissures and
pores in oxide films; investigation of the chemical and phase con-
versions in the thin free {without uncarlays) films of metals,
alloys, ard oxides. The methods and results of the investigation
of the mechanism of the formation and growth of primary crystals
(nuelei) of oxides on the individual planes of the crystals of
certain metals have been described in (52-54).

The recrystallization processes in oxide films on metals and
alloys derending on the time and temperature of heating have been
studied by the author and his associztes. Figures & and 9 show
electronomicrograms of cxide films formed on metals and alloys at
different temperatures and times of exposure. These micrograms
were obtained both from lacquer (collodlon) and from quartz or
carbon replicas.

The first three problems are solved by the replica method, the
last by the method of X-ray films having a thickness approximately
equal to the size of the erystals in the film.

Replicaz of oxide surface films are obtained without any
chemical or mechanical treatment of the surface of the sample.
Hence, they reproduce the true relief of the oxide film, the size
and form of the crystals in it in 2 form resulting solely from the
oxidation process itself. The size of the crystals incresses both
with the growth of the temperature and with the lapse of heating
time, varying from 20-30 R at 20-100° to 10% R at 1000-1200°.
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Figore 9, Elesctron Mierograms of Oxide Films on Chromium Alloys,
Formed Wnen Hested in Air. a) 600°; b) 700°; ¢} 9009;
d) 10000 (320,000)




The T'C‘«I‘)’Stfﬂ.-iﬁation crocess 1s consikderably accelerated
and begins at iowe wmmx‘e wires in these cases where the volume
of the oxide i3 .’2-? timer greater (for example, for tne metals
Fa, Cr, s} <hum the 1.-"0.11.':\1& of the axidized metal, *houch such an
intensioy ol tha recryatiilisation prosess L v thin
seme petss ES TR

3 neh o‘:'“c-r';c,rl :
free (withcus, undericys) owide films of is
: of the o:»:;d—e film Jor

this offect of accolioye bzu ':‘ncryc:tallx_r

's*cress,.; in the d"ous. -
In investigating the kinetics of the oxidation of muliiple-

ccwponnvt alloys one cen observe in some cases that the phase con-
pesitlon of tns dross, according to electronngravhlic analysis dota,
doas nat vary in dependence on the time and temerature, b U
rate of oxidaticn, detemninable ny the welsiut lncrecse, changas
sharply from g certain momant on, Thus, for sxample, in inves
vn.ng the kinetics of the oxidation of ailoys haviag a nicksl or
chronian baze with addition of boron, such sharc changes in the
axidation rates of this allay were discoversd at a temperature of
cver 10907 in desendemce on the time. By means of the eleactron
microseone, pords the size of 20.5000 ® were detected in the dross
on the samnles. The irregnlar course of the kinetie curves was
connectsd with *the rate of evaporation of the wolatiles oxides and
with the formation of pores (Fig. 9, b and d).

Figare 10, Elactron ificrograms of Oxide Films Formed on Nichrone
Mloys {X 22,000)
a) and &) 900° for 100 and 1,000 hours respectively:




contimed)
) $309; 4y 1030° (with addition of boron) for 100
hours; e) on Ti-V alloy at €007; amd f) on Ni~Cr Alloy

at %00° Tor 3 houra.

AR PR P 4
Fipues 10, |

)
{

¥ig. 10 isic. Means Fig. 1il, see next nage] gives as an
illustration electiroaomicregrams and electrenoyrams obiainsd oy

the rar-pasiage method fronm one and the same samwples in the form of

thin fiims heated in air at temperatures from 20-900° at 100-dsgree
intervals. The use of the eleziron-micrescope method for investiga-
tirg the orocess of the growth of crystals in thin films is limited,
since with a film thickness exceeding by several times the size of
the crystals in it, the elesciron microzrams obtained are unclear
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PMgure 11,

lectronominrogran
©

Right) and %lectronograms (Left)
D a Thin Film of Z3

e |
B Zircanium {X 20,000}, Heated in Air
or 1 hour at the Following Temperatures:

J 0%, o) 2009 o) 1200°9; d) 4009; &) 5009; f) 6099
) 73GO; h) 8009; and 1) 900°,

4
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v2cavse of the superimposition of the imaze of one crystal uvon that
of anntrer. Cnly when the thiciknes: of the film is5 equal to the
mean ize of the erystals can one trace in it the change in their
ferme and cizes in the recrvstalliization and oxidation processes.
Tre metallograrviie method can be successfully employed alongside

-
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of the electron-microscope method to detect inter-crystal cor-
rosion, pores, and fissures in the dross, as well as to study the
transverse structure of the dross.

I50TOPTIS METHOD CF TNVESTIGATION

9

For the isotopic method of investigating oxidation processes,
t&g radioactive isotopes of metals and the dtabile isotope of oxygen
05” are used. This method determines the parameters of the diffus-
ion coefficient on temperature. BY comparing the values of the
coefficients of the diffusion of the ions of the metal and of oxy-
genthrough the oxide of ths given metal, one may ascertain what ions

are diffused to bring about the oxidation process. Thus, for

example, in deterumining ithe parameters of the diffusion ¢ copper
and oxygen ions through the oxide Cus0 at 10300 (55), it has been
established that the coefficient of oxygen diffusion under 135 mm
mercury pressure has a value of 1.3 » 10‘9qu cm/gec, and the
coefficient of copper diffusion 4.8 - 107 sq cm/sec.

The coefficientz of oxygen diffusion in the oxide systems
are found by the Zimens method (56) by determining the rate of ex-
change between the oxygen of the oxide and the gaseous oxygen enriched
with isotove 035. The method of determining the rate of this exchange
in dependence on the temperature is described in (57), and the methods
of determining the parameters of the diffusion of metals in oxides
are described in (58-60). Unfortunately, it is difficult to compare
the rate constants and activation energies of the diffusion of the
same metals or of oxygen through their oxides, since the oxida-
tion processes of metals are usually investigated at tempsratures
considerably lower than those at which the diffusion processes are
studied. For example, the oxidability of aluminmum is investigated
in the temperature interval of 20-600°; that of nickel, cobalt, and
chromium, 20-1000°; that of titanium, zirconium, and niobium, 20-
900°, But the diffucion processes of metals in oxide systems with
measurable rates take place in a tempsrature interval of 1100~
14009, At temperatures up to 1100° the borderline diffusion in sin-
tered samples is so intensive that the true values of the paramsters
of their volume diffusion cannot be determined. During diffusion
roastings at high temperatures (1100-1400°) thare is an intensive
evaporation of many metals and certain oxides (Zn0, CryC3, and others),
but also an oxid2tion of the active layer of metal deposited on the
samples by that [oxygen?]| which has remained and is secreted from
the walls of the smpules of oxygen. In thne case of roastings in
quartz ampiles evacuated to 1877 mm of mercury at 1100-1200°, a
perceptisle evaporation of Si0O is observed from the walls of the
ampules, and a 4iffusion of oxygen through their walls.
. The effectiveness of the evaporation and oxidation is some-
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what diminished when the ampules are filled with purified argon up
to a nressure of 200 mm of mercury and zirconium ilodide is placed

in them. The diffusion roastings at temperatures of 1100-1400°
should te mada in ampules east of pure aluminum oxide (& = A1203)

or bervliinm oxide., <hese roastings may aisc be done in vecuum
micro-furnaces introduced into evacuable {or argon-£illed} and water-
cooled tubes of molybdenum glass (sec Fig. 4).

More precise data on the diffusion parametersz in the oxide
systems can be obtained with fused samples by using iridiam cruc-
ibles for melting the oxides. Lo remove the active layers from
ihe oxide samples, the author and V, V. Votinova used tablets of
borsn carvide 15-20 mm in diameter and 2-3 mm thick, which are
pressed from fine powder with the addition of a2lcohol or water and
reasted in the furnace at 600-700° in air. Fof precision removal

of the active layers of the prescribed thickness one may use a micro-
tome, reviacing the steel lmife in it with 2 plate having tablets
of boron carbide mounted in it.

SAVPLES AND METHODS OF TREATING THEIR SURFACE

Samples in the form of plates 15 X 10 X 5 mm in size are used
to investigate the oxidation processes of metals and especially of
alloys by the stmuctural-kinetic method. The last dimension (thick-
ness) may be 3-4 mm. Samples of this form satisfy both kinetic
investigations (have a considerably larger surface with relation to
the vclume than in the case of cylinder-shaped samples of the same
volume) and electronozraphic investigations {(a width of 10 mm is
obligatory).

The thin films of metals and alloys obtained by the method
of evaporating and condensing metals in a vacvum are extremely mec-
essary in investigating the oxidation mechanism. To one degree of
another they model the massive samples as to chemical composition
and are standards, and, likewise, they permit one in a short inter-
val of time ‘o determine the temperature intervals of formation and
decomposition of the varicus phases both in alloys and in the oxide
systems. Moreover, the thin films of metals can be used for pre-
cision investigation ¢f the primsry stages (adsorbtion, dissolution,
and fcrmation of the oxide phases) of oxidation at low and medium
temneratures (from 180-500°) by ‘he monometric and micro-weighing
methods. For this purpose, one may employ samples of thin sheet
iron or feoil 0.05-0.3 mm thick. In all cases of the use of samples
in the form of thin films or made of thin sheet iron or foil, one
mist see to it that the two fronts of the reaction (or limits of the
dissolution of oxygen) shifting from the juter limits on the two sides
of the sample to its central inner 1limit are .aot closed in the oxie
dation of the plate samples. In the oxidation of thin metal films
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- the front of the reaction (or limit of dissolution of oxygen)

mist not approach the surface of the underlay on which this film
lies, If this precaution is not taken, the kinetic curves on the
weight-increase and time coordinates will have an asymptotic march
and an evrroneocus conclusicn may be drawn about the heat resistsnce
of the given metal or aliloey.

Treatment of the surface of samples before orxidation is of
great importance for the investigation of the kinetics of oxida-
-tion. In practice, the followlng methods of treating the surface
are usually used: mechanical grinding and polishing, etching,and
electrochemical polishing. A significant shortcoming in the meche
anical-polishing method is that, in treating the sample, the surface
layer is greatly soiled by the abrasive material and by the particles
of the oxide film forming and crumbling away during the polishing.
Since the surface of the sample before polishing has narrow and deep
depressions in the form of fissures and niches, as well as fine,
sharp protrusions, these depressions become filled with paste,
grains of the abrasive, particles of metal and oxide film (while
polishing with paste or moistened abrasive powder), and the pro~
trusions (of the hangnail type) are pressed against the surface,
capturing tanese products of polishing. Hence, after polishing,
the surface layexr of the sample will not be metallic, but metallo-
ceramic¢ and vitreous, both in strueture and luster.

In etehing and electric polishing, the metal is soiled with
hydrogen and the surface layer soiled by the products of electro-
lytic corresion.

These shortcomings can be avoided if the surfaces of the samples
are ground on hard (sintered or, preferably, fused) abrasive disks
or plates in the form of razor hones. For many metals and alloys,
thick {1-2 cm) mirror glasses with different degrees of grinding
may be used as such plates, the grinding being done with the pow-
dered abrasives used by glassblowers for grinding and vacvum-resetting
of cocks. Boron, titanium, and other carbides sintered with a binder
in the form of plates are suitable for grinding the harder metals
and alloys.

Polishing of samples on such sintered or fused abrasive plates
(previously ground toc the necessary degree of roughness) is done in
the same mammer as with emery paper, but the =zample being polished
mist be moved along a fresh part of the abrasive plate [disk] so as
to avoid repeating the old trace. After the whole surface of the
abrasive plate has been used, the layer of metal remaining on it is
wived off with a rag moistened with murified aleohol. With this
dry-zrinding method, the plates themselves are actually not worn out,
the grains of abrasive are not torn off them, and, consequently,
the surface of the samrle is not soiled. The degree of roughness
.achieved by this grinding is entirely satisfactory both for kinetic
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